INTRODUCTION 68
Common genetic processes drive the evolution of both pathogens and commensals in response to 69 selective environmental pressures. Thus, instances where two related species in a common 70 environmental niche evolve towards divergent lifestyles (one as a pathogen and the other as a 71 commensal) are especially significant to understanding the evolution of pathogenicity. 72
73
Staphylococcus aureus and Staphylococcus epidermidis are Gram-positive colonizers of the human 74 mucosal surfaces, and frequently encounter each other during mixed infections at various sites. The two 75 species share a core genome of 1681 genes (14), but differ significantly in their accessory genome, 76 comprised of the flexible gene pool that is only found in some strains of a species and usually 77 contributes an evolutionary benefit in specific environments (13, 20) . Sequenced S. epidermidis 78 genomes lack several genes common to the accessory genome of S. aureus, including superantigen 79 toxins, certain proteases, staphylokinase, etc (20) . The accessory genome and mobile genetic elements 80 of S. epidermidis have been poorly characterized thus far, with only a few recent reports of conjugative 81 plasmids and bacteriophages (9, 15) . S. aureus, however, encodes over 400 accessory genes, present on 82 genomic islands, bacteriophages and transposons that account for the majority of toxins, resistance 83 genes and virulence determinants identified in the species (14) . Antibiotic resistance genes are typically 84 transferred by conjugative plasmids and recombination events, whereas phage-mediated transduction is 85 the most common mechanism responsible for the mobilization of superantigen toxins (27) . 86 87 Lateral transfer of superantigen genes by transduction of S. aureus pathogenicity islands (SaPIs) is a 88 well-characterized event amongst several strains of S. aureus (26, 30, 32) , as well as to related species 89 such as Staphylococcus xylosus and Listeria monocytogenes (3). Chromosomal mobile elements with a 90 on December 22, 2017 by guest http://jb.asm.org/ Downloaded from conserved genome organization, SaPIs, are typically comprised of flanking site-specific attachment 91 (att) sequences, one or more toxin genes, and a unique set of genes that enable their mobilization in 92 conjunction with temperate phages such as φ11, φ13, and 80α (27) . 93 94 The genetic processes that enable S. aureus to selectively stabilize and extensively exchange virulence 95 determinants are poorly understood. From an evolutionary standpoint, toxin genes are equally relevant 96 to the S. aureus host and to the persistence of the pathogenicity islands that transmit them among host 97 genomes (13). Although recent reports have identified SaPI-like structures (lacking enterotoxins) in the 98 sequenced genome of Staphylococcus hemolyticus (27, 29) , and Staphylococcus saprophyticus (18) and 99 other studies show the presence of enterotoxin genes in several coagulase-negative staphylococcal 100 species (6, 7, 33) , there is no evidence so far to suggest that mobile elements in these staphylococcal 101 commensals exchange virulence-associated genes as promiscuously as is seen in the S. aureus 102 accessory genome. 103
104
In 2007, we presented the first evidence of a SaPI-like pathogenicity island in a strain identified as S. 105 epidermidis strain FRI909, and the expression of enterotoxins from this strain (Conference proceedings 106
MATERIALS AND METHODS 114
Bacterial strains and culture. All bacterial strains used in this study were grown overnight at 37 o C on 115 BHI agar medium. Broth cultures were grown aerobically in BHI broth at 37 o C. Green detection system (BioRad, Hercules, CA). S. aureus N315 was used as a positive control for 177 SEC3 production. For each time point, fold-changes in gene expression were calculated relative to the 178 internal control genes for 16S rRNA and DNA gyrase A. 179
180
Generation of anti-SEC3 antibody: To generate anti-SEC3 sera, SEC3 was purified from cultures 181 using preparative isoelectric focusing as described previously (10 Figure 1A . SePI and φ909 are unique to S. epidermidis FRI909. φSPβ and the type II 228
SCCmec are unique to S. epidermidis RP62a. Families of orthologous gene groups were identified 229 compared to the two complete sequenced S. epidermidis genomes, ATCC12228 and RP62a. As shown 230 in the Venn diagram in Figure 1B , FRI909 contains 15 unique orthologous groups (Supplemental Table  231 1) not present in the other two genomes. Several hypothetical proteins were identified in these groups, 232 along with clusters of mobilization proteins which appear to be chromosomal remnants of a plasmid 233 which may have integrated into the genome and undergone re-arrangements. Interestingly, some of 234 these mobilization proteins also flank a putative CRISPR locus identified in the genome. The only other 235 significant unique group is the genes present on SePI-1, corresponding to the enterotoxins and SaPI-like 236 elements identified on this pathogenicity island. The bacteriophage present in S. epidermidis FRI909 is 237 clustered with orthologous phage genes from the bacteriophage present in S. epidermidis RP62a. 238 239 Sequence analysis and identification of genomic island. Multiplex PCR was used to screen the 240 FRI909 genome for nine staphylococcal superantigens (Supplemental Table 2 ). The strain tested 241 positive only for sec and se1l (data not shown). Sequencing and additional PCR with primers specific to 242 sec3 and se1l confirmed the presence of these two toxins. As these two toxin genes are typically 243 associated with mobile pathogenicity islands flanked by att sites in S. aureus, the sequence of regions 244 flanking the toxin genes was determined. We identified a novel genomic sequence about 20.5 kb in 245 length inserted at the tmRNA gene of S. epidermidis FRI909, just downstream of the SsrA binding 246 protein (identical in sequence to the corresponding region of the sequenced S. epidermidis genome 247 RP62a, where SERP0451 is the loci ID for ssrA and SERP_SetmRNA1 is the loci ID for tmRNA in 248 RP62a and GSEF_0621 is the loci ID for ssrA in FRI909). The tmRNA region is associated with the 249 insertion of foreign genetic elements in the genomes of several bacteria, and the insertion of the 250 on December 22, 2017 by guest http://jb.asm.org/ Downloaded from pathogenicity island µSaα3mw (SaPImw2, as per Novick et al. (27) ) in S. aureus MW2 occurs in an 251 identical region (2). As described below, the presence of multiple transposases and repeat sequences, 252 along with the mixed S. aureus and S. epidermidis sequence in this region suggest that more than one 253 insertion and recombination event have led to the formation of this SePI genomic island. Considering 254 the gene organization of this island, we propose that this composite island is composed of two distinct 255 regions, as shown in Figure 2A . The first of these is SePI-1, a classical pathogenicity island which 256 shows significant homology to the enterotoxin-bearing SaPIs, and the second is SeCI-1 (S. epidermidis 257 chromosomal insertion-1), an IS1272-like region flanked by 73 bp direct repeats, which contains 258 multiple transposases and several S. aureus exported proteins. 259
260
Chromosomal integration site and comparison to known SaPIs. SePI-1 is a 9.6 kb region flanked by 261 direct repeats that encompasses the two superantigen genes. The 14-bp direct repeats (DR1) defining 262 the ends of SePI-1 (Figure 2A ) are identical to the att sequences of SaPImw2 in S. aureus MW2, and 263 three other known SaPIs (2, 27). The map of SePI-1 includes 11 ORFs identified based on homology to 264 known sequences ( Figure 2A , Table 1 ). The putative SEC3 gene identified bears 95% identity to 265 previously sequenced SEC3 genes from S. aureus. It differs at 12 amino acid residues from the SEC3 266 gene of S. aureus Mu3. However, none of these residues lie in the Zn-binding or T-cell receptor binding 267 domains, suggesting that functional differences are unlikely. The crystal structure of FRI909 SEC3 has 268 also been described earlier (4). The SE1L gene is 97% identical to known S. aureus SE1L genes, 269 differing at 6 amino acid residues from the S. aureus gene product. Table 1 . A comparison of SePI ORFs to sequenced SaPIs 276 is shown in Figure 2B . 277 278 The presence of another set of 73-bp repeat sequences (DR2) flanking transposase elements and several 279 exported proteins from S. aureus suggests at least one other insertion event in this region of the FRI909 280 chromosome (Figure 2A ). This element, termed SeCI-1 is similar to IS1272, flanked by direct repeats 281 and contains transposase genes, but bears no further similarity to known pathogenicity-associated or 282 other genomic islands. Together, these two elements form the composite genomic island seen in strain 283 Northern blot (data not shown) and qRT-PCR was performed to identify possible growth-dependent 294 regulation ( Figure 3B) . SEC3 expression appears to increase significantly towards late log phase and 295 early stationary phase ( Figure 3C ), slightly later than the peak of expression observed with a control S. excised and packaged at a lower frequency in normal phage particles. PCR was performed on purified 315 phage DNA using primers designed to amplify the phage-specific portal gene as a positive control and 316 SePI-1 SEC3. Absence of contaminating genomic DNA was confirmed by using gyrA as a negative 317 control. Phage DNA gave a 600 bp product only for the portal gene, suggesting that the SePI-1 is not 318 packaged as part of the phage DNA ( Figure 4C ). PCR to test SePI-1 excision and circularization, and 319 on December 22, 2017 by guest http://jb.asm.org/
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Southern blots to check for SePI-1-specific bands upon phage excision gave negative results (data not 320 shown), suggesting that SePI-1 is unlikely to be mobilized by a temperate phage in the SaPI-like 321 excision-replication-packaging mechanism (32). Although we also identified plasmids in S. epidermidis 322 strain FRI909, conjugative transfer of genomic elements to recipient strains RP62a and HER1292 was 323 not seen at any discernible frequency (data not shown). 324 325 Phage genome. Since the 9.6 kb SePI-I element is interrupted by a transposon not typically seen in 326 SaPI sequences, it is possible that this genomic island was mobilized by a bacteriophage from S. aureus 327 into S. epidermidis FRI909, but can no longer be mobilized due to the transposase interruption. The 328 complete genome sequence of the endogenous prophage in S. epidermidis FRI909 was compared to 329 known S. epidermidis bacteriophage and SaPI-associated temperate phages from S. aureus. Overall, this 330 previously unidentified phage bears greater sequence homology to S. aureus phages than to the two 331 sequenced S. epidermidis phage genomes (9), as evidenced by the database matches in Table 2 . The 332 30,124 bp genome contains 29 putative ORFs and has an AT-rich genome (28% GC content), which is 333 comparable to other staphylococcal phage genomes, both in S. aureus and in S. epidermidis. A 334 complete list of genes and their closest database matches appears in Table 2 . The phage genome 335 appears modular, organized as genes involved in lysis, lysogeny, DNA replication and modification, 336 structural genes for capsid formation and assembly, and head and tail morphogenesis ( Figure 4A) . 337
Despite its similarity to S. aureus temperate phages, the genome sequence of the FRI909 phage 338 indicates that it is not one of the many temperate phages with a well-defined relationship to the SaPIs. Although previous studies have identified superantigen genes in CoNS, their genomic location in other 366 species has not been analyzed so far. Our results suggest that they can occur in more diverse genetic 367 contexts than just the specialized pathogenicity islands exclusive to S. aureus. The SaPIs, as described 368 thus far, all contain specific ORFs to hijack temperate phage function for the structural proteins 369 required for SaPI packaging. They do not encode functions beyond these 20 or so ORFs, att sequences 370 and toxin genes. Little is known about the evolutionary processes that have resulted in the current SaPI 371 composition, and they are usually regarded as highly specialized temperate phages. So far, there have 372 been no reports of superantigen gene mobilization by means other than transduction, or by mobile 373 elements other than phages. 374
375
Compared to the specialized transfer mechanism of SaPIs, other virulence-associated accessory genes 376 in staphylococci and the related enterococci are transmitted by genomic elements that are more 377 variable, both in structure and in their source. Antibiotic resistance genes, for example, are known to be 378 mobilized between S. aureus strains by chromosomal elements, from S. epidermidis to S. aureus by 379 conjugative plasmids, and from enterococci to S. aureus by conjugative processes (12, 15, 34) . 380
Vancomycin resistance elements (VRE) are mobilized from Enterococcus sp. to S. aureus by 381 conjugative plasmids (34). Interestingly, although the VRE in Enterococcus sp. bear the hallmarks of a 382 classical excision-replication-integration pathway (att sequences, integrase, terminase), none of these 383 features are involved in the process of mobilization into S. aureus (28). The conjugative process that 384 transfers these resistance genes into the S. aureus genome operates exclusively between enterococci and 385 S. aureus; inter-strain or inter-species transfer amongst the staphylococci has not been reported, to our 386 knowledge. 387 388 on December 22, 2017 by guest http://jb.asm.org/
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Similarly, the ACME element described in the S. aureus USA300 genome is actually more prevalent in 389 S. epidermidis strains, and mobilized only from S. epidermidis to S. aureus, not between S. aureus 390 strains (11). Similar to the VRE, this 57 kb composite island is interspersed with direct and inverted 391 repeats, and is a result of the insertion of three separate pieces of foreign DNA into the same region of 392 the S. epidermidis genome. Table 1 . ORFs identified in genomic island and SePI in S. epidermidis FRI909. 566 567 
